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Transport in sandstone: A study based on three

dimensional microtomography

F. M. Auzerais!, J. Dunsmuir?, B. B. Ferréol®, N. Martys*, J. Olson®, T. S.
Ramakrishnan?, D. H. Rothman?, and L. M. Schwartz’

Abstract. High resolution imaging of the microstruc-
ture of Fontainebleau sandstone allows a direct com-
parison between theoretical calculations and laboratory
measurements. While porosity, pore-volume-to-surface
ratio, permeability, and end point relative permeability
are well predicted by our calculations, we find that elec-
trical resistivity and wetting phase residual saturation
are both overestimated.

Introduction

Transport in porous media is of importance in bi-
ology, chemical engineering, earth and environmental
sciences, materials science, and physics [Adler, 1992;
Cushman, 1990]. Because real porous media are usu-
ally highly disordered, most recent work on transport
theory has been based on synthetic model systems, such
as random sphere packs [Adler, 1992; Schwartz et al.,
1993]. Although instructive, such studies are not easily
applied to the understanding of real materials. High
resolution synchrotron microtomography [Flannery et
al., 1987; Kinney et al., 1993; Schwartz et al., 1994;
Spanne et al., 1994 Coles et al., 1995] however, may be
used to map the pore space of a real material. Here
we study the geometrical and transport properties of
three-dimensional tomographic reconstructions of sev-
eral samples of Fontainebleau sandstone. We com-
pare numerical calculations to laboratory measurements
made on samples approximately an order of magnitude
larger in linear dimension. We obtain a heirarchy of re-
sults, presented in Table 1. Geometrical properties are
accurately estimated by our calculations, as is the per-
meability to single-phase flow. The computed electri-
cal conductivity, on the other hand, underestimates the
experimental results. Studies of immiscible displace-
ment by a non-wetting fluid give mixed results. While
our endpoint relative permeability calculation is in good
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agreement with the measured data, the corresponding
saturation is less satisfactory.

Methodology

Laboratory Measurements: A cylindrical core, ap-
proximately 20 mm diameter and 37.5 mm long, was
vacuum dried at 80 °C and the porosity, ¢, was mea-
sured by He intrusion and buoyancy techniques and
found to be 0.1524:0.002. Magnetic resonance measure-
ments [Hurlimann et al., 1994] of the pore volume to
surface area ratio, V,/S, gave V,,/S = 9.6 um. Perme-
ability to dry nitrogen was found to be 1.116 pm?. The
sample was then equilibrated with aqueous solutions of
five different salinities and the electrical resistivity was
measured with a four-terminal impedance meter. The
effective electrical conductivity, oy, of the sample was
found to be linearly related to the solution conductiv-
ity and the formation factor, F = 04;/0.55, where o
was the conductivity of the pore fluid, was calculated to
be 25.6 + 0.2. Liquid permeabilities of 1.059 pm? and
1.073 pm? were obtained for two different solutions of
resistivities 1 2m and 0.26 Qm, respectively. Lastly, the
core was injected with oil to the point of residual water
saturation S;y. (Spy is the fraction of the pore space
occupied by water when water can no longer be expelled
from the core.) We then measured [Remakrishnan and
Cappiello, 1991) the relative permeability k2., the ratio
of the permeability to oil of this mostly oil filled sample
to the single phase permeability, and found &2, = 0.92.
The measured value of S,,, was 0.03.

X-ray Microtomography: Two cylindrical plugs 3.5
mm in diameter were cut adjacent to the sample used
for laboratory measurements. Our imaging technique
is based on second generation protocols that employ
parallel data acquisition based on two dimensional de-
tectors [ Flannery et al., 1987; Kinney et al., 1993]. The
principal advantage of this technique is that it yields
symmetric data sets in which each of the three direc-
tions is treated on an equal footing. By contrast, other
studies of this kind [Spanne et al., 1994; Coles et al.,
1995] have been based on first generation techniques in
which three dimensional data is collected by the suc-
cessive imaging of two dimensional planes. From the
first plug we extracted a data cube of attenuation co-
efficients of size 224 x 288? (Sample 1) with a voxel
edge of 7.5 um and from the second plug we worked
with two contiguous samples (Samples 2 & 3) of size
235 x 2882. The left-hand panel of Figure 1 shows a
gray-scale image of the attenuation coefficients, «, in a
2D slice of size 2882. To separate the void space from
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Table 1. Measured and calculated values of porosity
¢, pore-volume-to-surface ratio V,/S (in pm), forma-
tion factor F, permeability & (in (#m)?), endpoint rel-
ative permeability 2, and residual saturation S,,,. In
the first column the numbers in parenthesis denote the
sample on which the calculations were based; in the per-
meability column, FD and LB denote values computed
by finite-difference and lattice-Boltzmann methods, re-
spectively. The endpoint relative permeabilities were
computed from both nonwetting invasion (Type I) and
constant saturation (Type II) simulations.

6H = F & K, S

Exp 15.2 96 25.6 1.1 0.92 0.03

Cal (1) 16.8 104 36.0 1.0 (FD) 084(I) 0.53
1.2 (LB)  0.90 (II)

Cal (2) 150 89 286 1.3 (FD) — —

Cal (3) 146 8.7 327 1.0 (FD) — —

the rock matrix, a threshold, a., could be specified by
simply requiring that ¢, produce the measured poros-
ity [Spanne et ol., 1994]. However, the quality of the
present images is such that we can predict (i.e. calcu-
late) a. using a least squares estimate that preserves
the mean attenuation coefficient of (i) the entire image
and (ii) the pore and grain sub-populations [Magid, et
al., 1990]. The method was applied to all three samples
to yield a mean value of 0.154, in excellent agreement
with the porosity measured on the larger core. The
right-hand panel of Figure 1 shows the left-hand panel
after the computed threshold was applied to create a
binary image. An image of a small part of the 3D pore
space is shown in Figure 2. We also computed the pore
volume to surface area ratio, V,/S, by counting pore
sites and voxel surfaces that separate pore from solid
sites, and obtained results within 10% of experimental
measurements. This agreement is gratifying because
the resolution of the magnetic resonance measurements
is 5 pm, essentially the same as our microtomography.

Theoretical Calculations: To calculate electrical con-
ductivity we employ random walk techniques to sim-
ulate diffusion in the 3D pore space [Schwartz et al.,
1993]. The random walk step length, ¢, was one third
of the voxel edge and our results did not change signif-
icantly with a further reduction of €. Our calculations
on all three samples consistently overestimated F by
20-50%.

Figure 1. Left hand panel shows a gray-scale image
obtained by X-ray microtomography with a voxel edge
length of 7.5 pm. The corresponding binary represen-
tation of this image is shown in the right hand panel.
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Figure 2. The pore space within a 643 sub-volume of
Sample 1.

Permeability to fluid flow in a given direction is de-
fined by Darcy’s law [Adler, 1992]

k£ AP

Q= ” (5 ~»r9) (1)
where AP is an applied pressure difference across a
porous sample of length L, pg is a body force (e.g.,
gravity) per unit volume, @ is the macroscopic volumet-
ric flux of fluld per unit area, 7 is the fluid's viscosity,
and k is the permeability, which has the dimensions of
area. To calculate % from first principles, we solved the
Stokes equations, which describe creeping fluid flow, by
two different methods, a classical finite difference tech-
nique [Schwartz et al., 1993] and a “lattice-Boltzmann”
method [Benzi et al., 1992]. The former is a direct
numerical integration of the partial differential equa-
tions whereas the latter solves a discretized Boltzmann
equation that is equivalent, macroscopically, to solving
the Stokes equations. Both methods determined per-
meabilities that were in the range 1.0-1.3 um?, in good
agreement with measurements.

Interestingly, the size of our tomographic samples,
about seven grains on a side, is close to the minimum
size required to estimate the permeability with accept-
able accuracy. To show this, we compare in Figure 3
the computed porosity and permeability in 64 distinct
subcubes of size 563, 8 distinct subcubes of size 1123,
and larger subcubes of size greater than or equal to
2243. The porosity varies over approximately a fac-
tor of four for the smallest samples, over about 10%
for the intermediate samples, and insignificantly for the
largest samples. Thus the intermediate size seems ac-
ceptable for estimates of porosity. The permeability
fluctuations, on the other hand, range over nearly three
orders of magnitude for the smallest samples, by a fac-
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Figure 3. Calculated permeabilities are shown for

sub-volumes of Sample 1 (using a lattice-Boltzmann
method) of three different sizes [Ferréol and Rothman,
1995] in addition to calculated permeabilities for sam-
ples 2 and 3 (using a finite-difference method).

tor of two for intermediate samples, and by about 30%
for the largest samples. The scatter in the smaller sam-
ples is also roughly consistent with the results reported
by Spanne et al. [Spanne et al., 1994]. (Their study was
limited to 5 distinct samples whose size ranged from 443
to 843 with a resolution of 10 gm rather than 7.5 ym.)

Relative permeability, on the other hand, may ex-
hibit much stronger size dependencies. To investigate
this point, we performed two simulations based on a
3D immiscible lattice-gas model [Olson and Rothman,
1995], an extension of earlier 2D models. In our two-
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fluid model, one fluid perfectly wets the solid boundaries
and the viscosities and densities in each fluid are equal.
To save computation time, simulations were performed
only on a subset of size 1043 of Sample 1; a mirror reflec-
tion of the medium was applied in the flow direction to
create periodic boundaries and a computational domain
of size 104% x 208. The first simulation (Type I) imi-
tated the immiscible displacement experiment: nonwet-
ting fluid was injected into one face of the sample, which
was initially filled with wetting fluid. The simulation is
illustrated in Figure 4. To make the flow periodic while
always injecting nonwetting fluid, any wetting fluid that
left the outlet was reinjected as nonwetting fluid at the
inlet. The flow rate of the nonwetting fluid was calcu-
lated by averaging its velocity over the entire sample
when the wetting fluid could no longer be evacuated,;
k2, was then computed from the two-phase generaliza-
tion of Eq. (1) [Adler, 1992). Our result, k2, = 0.84, is
in reasonable accord with measurements, but the calcu-
lated residual (wetting phase) saturation, Sy, = 0.53,
is not. The second simulation (Type II) followed previ-
ous studies of artificial media in which the pore space
is initially filled with a homogeneous mixture of wet-
ting and nonwetting fluid of specified relative satura-
tions [Gunstensen and Rothman, 1993]. The mixture is
then forced through the rock with fully periodic bound-
ary conditions in the flow direction. Only the nonwet-
ting fluid is forced, and the two fluids undergo phase
separation as they flow. The flow rate of the nonwet-
ting fluid is then computed in the steady state. When
the saturation is specified to be the measured residual
saturation S,, = 0.03, we find k2, = 0.90 £ 0.02, in
good accord with measurements.

Discussion

Our calculations give excellent approximations for the
geometrical parameters ¢ and V;, /S, the permeability &,

Figure 4. Simulation of invasion of nonwetting
fluid into Sample 1, which was initially filled
with wetting fluid. The invading fluid enters the
sample at the top; the sample is viewed from
above and to the left. The background is black,
the solid porous matrix is transparent and
colorless, the wetting fluid is transparent and
blue, and the nonwetting fluid is opaque and
red. Thus black also indicates that the solid
matrix is contiguous in the line of sight. The
left-hand panel shows the breakthrough
configuration and the right-hand panel shows
the configuration of the nonwetting fluid near
steady state. Because the sample is jacketed by
solid walls, which are themselves covered by a
thin layer of wetting fluid, the left and right
edges of the image (which correspond to only a
small fraction of the total volume) are
dominated by blue wetting fluid.
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and the endpoint relative permeability k2,. The calcula-
tions of electrical resistivity and residual saturation are
less successful. A likely explanation for our underesti-
mate of the effective conductivity is that, in addition to
the current carried in the main large channels through
the pore space, a significant part of the current is being
carried in parallel channels that are smaller than the 7.5
pm resolution of the present images. The contribution
of these smaller channels to current flow depends on
their connectivity being properly described in the im-
age, rather than just their contribution to the net poros-
ity or total surface area [Schwartz, 1993]. Fluid flow,
on the other hand, is a considerably less “democratic”
transport process, and is controlled by the largest con-
nected channels. In this connection, we note that the
calculated values of F reported by Spanne et al. also
tend to overestimate the experimental results. However,
because those calculations were based on much smaller
samples, it was not clear whether the problem was as-
sociated with finite size effects or image resolution.

The limiting factor in our relative permeability calcu-
lations appears to be a combination of the small sample
size and the poor spatial resolution of the simulation.
The latter problem manifests itself as a wetting layer
that is too thick (i.e., about one lattice unit) relative
to the radius of a typical pore or throat. Specifically,
because 54% of the void sites in Sample 1 are adjacent
to solid sites, our residual saturation of 53% could be
consistent with drainage of nearly all wetting fluid ex-
cept that adjacent to pore walls, and is therefore not
necessarily inconsistent with the experimental value of
3%. This conclusion is supported by the observation
that our theoretical estimate of the end-point relative
permeability is good, since sites adjacent to walls con-
tribute only marginally to the bulk flow. Evidence for
the first problem—finite-size effects—is seen in Figure 4;
when breakthrough of the nonwetting fluid occurs, one
flow path strongly dominates the flow. It is clear from
the dominance of this single flow path at breakthrough
that the results cannot be easily scaled upwards. We
emphasize that neither of these problems represent in-
trinsic limitations of either the tomographic reconstruc-
tion or our theoretical methods.

In conclusion, we note that the pursuit of issues such
as the scale dependence and influence of heterogeneities
on transport is one of the most promising future appli-
cations of studies such as ours. Indeed, this approach
may be the most effective way to determine the phys-
ical mechanisms responsible for anomalous scaling of
transport properties in sedimentary rocks [Adler, 1992;
Cushman, 1990].
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